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ABSTRACT 
 
PLIO-PLEISTOCENE PALEOCEONOGRAPHY OF THE ROSS SEA, 
ANTARCTICA BASED ON FORAMINIFERA FROM IODP SITES U1523, U1522, 
AND U1521 
 
 
MAY 2020 
JULIA L. SEIDENSTEIN, B.S., LAFAYETTE COLLEGE 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor R. Mark Leckie 
The West Antarctic Ice Sheet (WAIS) is currently thinning and retreating because 
shifting oceanic currents are transporting warmer waters to the ice margin, which could 
lead to a collapse of the ice sheet and global sea level rise. International Ocean Discovery 
Program (IODP) Expedition 374 sailed to the Ross Sea in 2018 to study the history of the 
WAIS over the last 20 million years.  Previous geologic drilling projects into Ross Sea 
sediments that record the history of the WAIS (DSDP Leg 28, RISP, MSSTS, Cape 
Roberts Drilling Project, ANDRILL), as well as modeling studies, show considerable 
variability of ice-sheet extent during the Neogene and Quaternary including ice sheet 
collapse during times of extreme warmth.   
The purpose of this study is to reconstruct paleoenvironments on the Ross Sea and 
confirm modeling studies that show warming waters in the Southern Ocean led to the loss 
of Antarctic ice in the past.  Site U1523 is a key site as it is located close to the shelf 
break and therefore sensitive to warm water incursions from modified Circumpolar Deep 
Water (mCDW) onto the Ross Sea continental shelf as the Antarctic Slope Current 
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weakens with a changing climate. Shelf sites U1522 and U1521 provide perspective for 
what was happening closer to the Ross Ice Shelf.  Multiple incursions of subpolar or 
temperate planktic foraminifera taxa occurred during the latest Pliocene and early 
Pleistocene prior to ~1.8 Ma at Site U1523 indicating times of warmer than present 
conditions and less ice in the Ross Sea. Especially high abundances of foraminifera are 
recorded in the late Pleistocene associated with Marine Isotope Stage (MIS) 31, MIS 11, 
and MIS 5e might also indicate reduced ice and relatively warmer conditions. The 
interval of abundant foraminifera around MIS 31 (MIS 37 to 21) suggests multiple 
warmer interglacials during the Mid-Pleistocene Transition (MPT). A change in benthic 
foraminiferal assemblages and a large increase in foraminiferal fragments after the MPT 
(~800 ka) indicate stronger currents at the seafloor and perhaps corrosive waters, 
suggesting a major change in water masses entering (mCDW) or exiting the Ross Sea 
(AABW) since the MPT.   
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CHAPTER 1 
PLIO-PLEISTOCENE ANTARCTIC CLIMATE AND FORAMINIFERA 
1.1 Introduction 
The Western Antarctic Ice Sheet (WAIS) is the largest ice sheet with a grounding 
line far below sea-level at its terminus and is therefore highly susceptible to collapse.  If 
the WAIS collapses, the melting ice would cause a global sea level increase of ~5 m 
(Lythe et al., 2001; Pollard and DeConto, 2009).  In the mid- to late Pliocene (2.7-3.2 
Ma), with atmospheric carbon dioxide (CO2) concentrations similar to today (330–415 
ppmv; Pagani et al., 2010), global sea level was 22 ±10 m above present suggesting a 
complete collapse of both the Greenland Ice Sheet and WAIS, as well as significant ice 
removal from the East Antarctic Ice Sheet (Miller et al., 2012).  Scherer et al. (1998) 
speculated that there was a partial WAIS collapse occurred during the last 1 Ma, possibly 
during Marine Isotope Stage (MIS) 5e (~123 ka) or 11 (~424 ka). It is important to 
understand why and when the WAIS has changed dramatically during the Plio-
Pleistocene in order to elucidate how it might be reacting to current warming.  
 
1.2 Oceanography of the Ross Sea 
WAIS collapse during past warm periods may be connected to an intensification 
of ocean-cryosphere interactions (Naish et al., 2009; Pollard and DeConto, 2009).  
Today, upwelling of the Circumpolar Deep Water (CDW) is causing ice melting in the 
Ross Sea (Pritchard et al., 2012).  Changes in the Antarctic Surface Water (AASW) and 
Antarctic Bottom Water (AABW) or the wind-driven Antarctic Slope Current (ASC) 
might control the CDW coming into the shelf-break and flooding the Ross Sea shelf 
leading to melting and retreat or the Ross Ice Shelf (Thompson et al., 2018).  The CDW 
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is relatively warm (>0° C), saline (>34.6), and nutrient-rich compared to the shelf waters 
in the Ross Sea so when the CDW is strongly flowing into the Ross Sea, the Ross Sea 
could get warmer.  In the Ross Sea, the CDW becomes Modified CDW (MCDW), which 
then affects the Ross Sea Polynya, formation of AABW, and supplies heat for the basal 
melting of the Ross Ice Shelf (Orsi and Wiederwohl, 2009). 
The Ross Sea is one of the three major sources of AABW, which flows into the 
abyssal ocean and provides cooling and ventilation of the deep ocean (Orsi et al., 2001).  
Therefore, the Ross Sea is an important aspect of the Global Thermohaline Circulation.  
The AABW in the Ross Sea has recently freshened based on a study from 1994 to 2009 
because of increased melt-water input from the Amundsen and Bellingshausen Seas as 
ice melts (Jacobs et al., 2011).  
 
1.3 Foraminiferal assemblages of the Ross Sea and nearby areas  
The distribution of planktic foraminifera around Antarctica is controlled by the 
Antarctic Polar Front (the transition zone between Subantarctic Surface Water (SASW) 
and AASW) and the Subantarctic Front, which is the zone between the Polar Front and 
the rest of the Southern Ocean (Nelson and Cook, 2001; Sokolov and Rintoul, 2009; 
Freeman et al., 2016).  Changes in planktic foraminiferal distribution could indicate 
fluctuations in these water masses from increased warming, changes in sea-ice cover, and 
ocean productivity.  Planktic foraminifera float passively in the mixed layer of the upper 
water column and after they die, they settle and become part of the ocean sediment 
carrying with them information on conditions at the sea surface.  Benthic foraminifera are 
proxies of past environmental conditions on the seafloor and can indicate proximity to the 
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Ross Ice Shelf, sea-ice cover, productivity, and paleobathymetry in the Ross Sea 
(Osterman and Kellogg, 1979; Melis and Salvi, 2009; Majewski et al., 2018).  Both 
planktic and benthic foraminiferal assemblage data reflect the changes from glacial times, 
with very low abundance and poorly preserved, reworked, and fragmented shells, to 
interglacial times marked by relatively abundant assemblages of foraminifera.  
Numerous studies have investigated Plio-Pleistocene and Holocene foraminiferal 
assemblages in the Ross Sea including McKnight (1962), Kennett (1966, 1968), Pflum 
(1966), Fillon (1974), Kellogg et al. (1979), Osterman and Kellogg (1979), Leckie and 
Webb (1986), Ward et al. (1987), Ishman and Webb (1988), Webb and Strong (1998), 
Melis and Salvi (2009), Patterson and Ishman (2012), and Majewski et al. (2018).  
In the Ross Sea, the distribution of calcareous foraminifera is controlled at least in 
part by the Calcium Carbonation Depth (CCD).  Outside the Ross Sea, calcareous 
foraminifera typically dominate deep sea assemblages to 4000 m water depth or more, 
but Kennett (1966) documented evidence for a shallow CCD around 500 to 550 m water 
depth based on foraminiferal data collected across the Ross Sea, with a focus on the 
western Ross Sea.  The shallow CCD in the Ross Sea likely reflects low bottom water 
temperatures (0° to -2°C) and high bottom water salinities (34.75 to 35‰) of the Ross 
Sea Shelf Water leading to increased solubility of carbon dioxide and a long period of ice 
coverage over the sea, which limits the activity of phytoplankton and increases carbon 
dioxide (Kennett, 1966).  Kennett (1966) postulated that calcareous species from deeper 
than 500-550 m resulted from sediment and foraminifera being reworked from shallow 
waters and then buried quickly enough to be preserved.  Unlike many continental shelves, 
the Ross Sea is not flat and contains five north-south trending troughs with depths of over 
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900 m in places.  The CCD is as irregular as the bathymetry (Osterman and Kellogg, 
1979).  In the eastern Ross Sea, arenaceous assemblages dominate and are likely 
controlled by water depth and ecological variables, but in the western Ross Sea, the 
bathymetry is more variable, and the CCD is more complex as a result (Osterman and 
Kellogg, 1979).  Based on their Globocassidulina subglobosa data, the CCD is deeper 
than 700 m in the southwest Ross Sea (Osterman and Kellogg, 1979). 
Fillon (1974) studied Antarctic piston cores and found a shallow CCD of 400 m 
during the Bruhnes Magnetic Chron (781 ka to present).  For benthic foraminifera, five 
depth assemblages were identified for the Gauss aged (3.58-2.58 Ma) sediments.  In the 
sediment younger than the Gauss, an increase in planktic foraminifera was identified and 
is possibly a result of increased productivity because of strong ocean currents associated 
with colder Pleistocene climates (Fillon, 1974).  At the Gauss-Matuyama boundary (2.58 
Ma) there was an increase in bottom water circulation, shoaling of the CCD, and decrease 
in ice-rafted debris (IRD) probably caused by expansion of the ice shelf, which increased 
bottom water production, deepening of the CCD, and reduced the discharge of debris 
filled icebergs (Fillon, 1975).  
Osterman and Kellogg (1979) studied benthic foraminifera from surface 
sediments across the Ross Sea to determine modern distributions of key species.  Four of 
the assemblages recognized from shallow areas (500-700 m) in the eastern Ross Sea 
continental shelf are sandy with few foraminifera, possibly because the late seasonal 
breakup of sea ice inhibits productivity and allows CO2 to build up leading to a shallow 
CCD and preventing the precipitation of calcareous foraminiferal tests or dissolving any 
calcareous foraminifera present.  The sandy samples with few foraminifera could also be 
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because of bottom currents winnowing foraminifera or the dilution of foraminifera. The 
CCD may also be influenced by the rate of productivity in the surface ocean and the flux 
of organic matter to the seafloor with high productivity leading to more acidic conditions 
and a shallow CCD. Three assemblages, from the western continental shelf, are typically 
dominated by calcareous taxa, although some sites occur in water depths as great as 755 
m, which is below the CCD further to the south in the Ross Sea (Kennett, 1966). Two 
assemblages from the continental slope north of the Ross Sea are dominated by 
calcareous taxa and related to productivity in the surface waters where upwelling is 
occurring at the interface between the Circumpolar Deep Water (CDP) and Ross Sea 
water masses. Osterman and Kellogg (1979) found that assemblages dominated by 
Trifarina earlandi (= T. angulosa of other authors) are found close to the continental 
shelf break and upper slope, as well as near the calving front of the Ross Ice Shelf in the 
southwest Ross Sea.  Assemblages dominated by Ehrengergina glabra may be related to 
a sub-ice shelf environment, and assemblages dominated by Cibicides lobatulus and C. 
refulgens may be useful as proxies of strong paleocurrents since they live attached to the 
substrate.  Assemblages dominated by the agglutinated taxon Miliammina arenacea are 
associated with the calving front of the present-day Ross Ice Shelf. 
Melis and Salvi (2009) found four foraminiferal assemblages in the western Ross 
Sea linked to lithofacies and defined by the degree of glacial influence: 1. The highest 
glacial influence, proximal to the grounded ice sheet, is indicated by the absence of 
Globocassidulina rossensis, G. subglobosa, and Trifarina angulosa and characterized by 
high fragmentation, low diversity and low foraminifera per gram of sediment; 2. High 
glacial influence corresponds with sub-ice shelf conditions and is defined by a smaller 
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percent of fragmentation and increase in density and diversity of calcareous foraminifera; 
3. Medium-low glacial influence, typical of glacial retreat and increasing amount of open 
water, is indicated by barren foram areas alternating with sandy layers rich in T. 
angulosa, and then followed by a lack of calcareous foraminifers; and 4. Lower glacial 
influence, typical of open-marine and corrosive water masses, had only the agglutinated 
Miliammina spp. preserved.  So, calcareous assemblages dominate when the sea is 
covered by ice from sea ice and the Ross Ice Shelf, and shift to agglutinated assemblages 
when there is more open ocean because of less ice and/or the development of a seasonal 
polynya.  This is likely associated with the High Salinity Shelf Water (HSSW) 
characteristic of the western Ross Sea (Bodillon et al., 2003; Orsi and Wiederwohl, 2009; 
Smith et al., 2012). 
Melis and Salvi (2009) found in cores collected in the Joides Basin of the Ross 
Sea at a depth of >500 m that the calcareous assemblages are dominated by G. biora, G. 
rossensis, G. subglobosa, and Trifarina angulosa.  These species are often associated 
with Cassidulina laevigata, Cassidulinoides porrectus, Cibicides refulgens, 
Ehrengergina glabra, Nonionella bradyi, and N. iridea.  This assemblage is relatively 
stable, except for a decrease in relative abundance of G. subglobosa and an increase 
upward in T. angulosa.  Miliammina earlandi is the only agglutinated species in these 
cores and is present in low abundances.  The planktic Neogloboquadrina pachyderma is 
present as two morphotypes: a rarer thin-shelled form, similar to Globigernia bulloides, 
and a more abundant form with a thicker shell encrusted by secondary calcite.  Ishman 
and Szymcek (2003) show that Trifarina angulosa (as Angulogerina earlandi) is found in 
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conditions associated with the ice edge environment in the area of the Larsen Ice Shelf of 
the Antarctic Peninsula. 
Majewski et al. (2018) studied the Whales Deep Basin in the eastern Ross Sea and 
found benthic foraminiferal communities are dominated by agglutinated species during 
open water conditions. The study also identified five different assemblages of calcareous 
foraminifera, which are relatively abundant relative to most places on the shelf of the 
Ross Sea. They found that a pustulose morphotype of Globocassidulina biora and a 
spinose morphotype of Trifarina earlandi either live near the grounding line of the ice 
sheet or in other sandy areas with intense bottom water currents (Majewski et al., 2018). 
More recently, Majewski et al. (2020) found that agglutinated benthic foraminiferal 
assemblages dominate open marine conditions under the influence of High Salinity Shelf 
Water (a source of Antarctic Bottom Water) and high productivity, whereas calcareous 
foraminiferal assemblages dominate in grounding line-proximal settings.  
 
1.4 MIS 31 warming event and the Mid-Pleistocene Transition in Antarctica  
Marine Isotope Stage 31 (1.08-1.06 Ma), a major interglacial of the early 
Pleistocene, is considered a “super-interglacial” event (Pollard and DeConto, 2009; 
DeConto et al., 2012; Melles et al., 2012).  MIS 31 had some of the highest high-latitude 
insolation values of the last 5 million years because of the combination of high obliquity, 
eccentricity, and precession, and because perihelion was in January early during the 
interglacial leading to an unusually warm and long interglacial (Laskar et al., 2004; 
Scherer et al., 2008).  MIS 31 is the most likely interglacial with good evidence for 
significantly reduced sea-ice and the ice shelf in the Ross Sea possibly leading to the 
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collapse of the WAIS (McKay et al., 2012; Naish et al., 2009).  It was the last very warm 
interglacial of obliquity-dominated climate and could be a precursor to high-amplitude 
eccentricity-dominated cycles that followed from the mid-Pleistocene climate transition 
(Scherer et al., 2008).  Previous work in the Ross Sea (Scherer et al., 2008; Naish et al., 
2009) records this warming.  Based on Cape Roberts Project Site 1 near Ross Island, 
Scherer et al. (2008) found a 3-5° C warming of the surface ocean with open ocean and 
no summer sea ice, high productivity, and the disappearance or even retreat of the Ross 
Ice Shelf.  They suggest that marginal Antarctic melting during MIS 31 led to the ice 
sheet melt in the Northern Hemisphere implying that the Antarctic ice response came 
before the MIS 31 sea level max.  This idea supports Raymo et al. (2006) and their 
conclusions on the Antarctic ice sheet sensitivity to warming.  Naish et al. (2009) found 
an intensified MIS 31 in the ANDRILL AND-1B site.  Previous work in the South 
Atlantic at ODP Site 1090 found a calcareous nannofossil assemblage signal supporting 
an anomalous warming event during MIS 31 (Maiorano et al., 2009).  Villa et al. (2008) 
found evidence for warming around 1 Ma (MIS 31) based on an increase in nannofossil 
abundances at ODP Site 1165 on the continental rise off Prydz Bay (Leg 188).  They 
support the idea that after MIS 31, East Antarctic Ice Sheet (EAIS) glacial conditions 
were stable starting around 900 ka.  
Teitler et al. (2015) investigated Site 1090 from ODP Leg 177 in the South 
Atlantic Ocean and Site 1165 from ODP Leg 188 near Prydz Bay.  Teitler et al. (2015) 
found that based on IRD records, the EAIS withdrew significantly during MIS 31, but 
still had marine margins capable of creating icebergs. They suggested that the warm 
interval be expanded to MIS 33-31 or possibly even MIS 33-27.  A lengthened warm 
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period around this time is also seen in the Arctic at Lake El’gygytgyn (de Wet et al., 
2016).  The time period of MIS 33-31 represents 52 ka, which is similar to the duration of 
MIS 11 (50 kyr) and MIS 5 (59 kyr; Lisiecki and Raymo, 2005).  However, since MIS 7, 
13, 15, and 21 all lasted longer than 50 kyr, duration alone cannot explain the 
development of super-interglacials (Teitler et al., 2015).  Teitler et al. (2015) suggest that 
the lags involved in the growth and retreat of major ice sheets are an important factor in 
how the AIS will respond to future climate change.  
How Antarctic climate during MIS 31 fits in with the deep sea benthic LR04 stack 
is important to understanding if the climate of Antarctica and the Arctic were connected.  
Raymo et al. (2006) proposed that only a small ice mass change in Antarctica is enough 
to cancel out a larger change in Northern Hemisphere ice volume.  From 3 to 1 Ma, the 
reason that 41 ka dominates the deep sea benthic LR04 stack might be because of 
antiphase ice sheet growth at each pole.  Around 1 Ma, a long-term cooling caused a 
transition from a land based to marine based EAIS leading to the Mid-Pleistocene 
Transition (MPT) (Raymo et al., 2006).  
The Mid-Pleistocene Transition (MPT) from 1250 to 700 ka is a key time of 
Antarctic climate and encompasses MIS 31.  This is the time interval when the dominant 
climate cycles changed from 41 to 100 kyr.  During the MPT, the amplitude of climate 
cycles, as recorded by benthic foraminiferal oxygen isotope ratios, increased significantly 
while the frequency decreased from 41 kyr to 100 kyr.  This record is seen as a 
representation of ice-volume and thus glacial and interglacial time.  Elderfield et al. 
(2012) constructed a record of benthic foraminiferal Mg/Ca paleothermometry from ODP 
Site 1123.  The deep-water masses at Site 1123 formed from waters sinking around 
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Antarctica.  Since the benthic LR04 stack is a global average heavily biased to the 
Atlantic Ocean and eastern equatorial Pacific, differences between the LR04 stack and 
the Site 1123 record are related to Antarctica.  Elderfield et al. (2012) found that the MPT 
could have begun during MIS 23 as the Antarctic ice formed in MIS 24 was not fully 
melted leading to ice growth and a large Antarctic ice sheet during MIS 22.  So, the MPT 
was controlled by the growth of Antarctic ice volume since ~900 ka.  
Climate modeling work by DeConto et al. (2012) predicts an almost complete 
collapse of the WAIS during MIS 31, which agrees with the above core data from 
ANDRILL and ODP projects.  The modeling found that sub-ice shelf ocean melting was 
the driver of this collapse, while surface ice melting was insignificant (DeConto et al., 
2012).  MIS 31 might be a good analogue for current warming and to understand how the 
ice sheet will respond. 
 
1.5 Possible warming events after the Mid-Pleistocene Transition in Antarctica 
Following MIS 31, there are more recent warming events that have been 
investigated for ice sheet collapse such as MIS 5e and 11 (Scherer et al., 1998).  MIS 5e 
(130-118 ka; Lisiecki and Raymo, 2005) had polar temperatures 1-5 °C warmer than 
today and sea level was 4-6 m higher than today (Overpeck et al., 2006; Duplessy et al., 
2007; Hearty et al., 2007).  Most of that sea level likely was from melting of the 
Greenland Ice Sheet and Arctic ice caps, but 0.6-3.8 m could have been contributed by 
the WAIS and EAIS (Hillenbrand et al., 2009).  Hearty et al. (2007) present evidence that 
the WAIS completely collapsed during MIS 5e, while other studies find evidence for a 
partial collapse of the WAIS (Overpeck et al., 2006; Duplessy et al., 2007).   Scherer et 
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al. (1998) found evidence for collapse based on marine diatom and elevated beryllium-10 
isotopes in till under a modern West Antarctic ice stream and concluded that the WAIS 
probably collapsed during the last 750 ka, likely during MIS 11 or 5e.  Hillenbrand et al. 
(2009) studied PS 58/254 from the Admudsen Sea of the time interval after MIS 31 and 
found a lengthened though moderate warming during MIS 15-13 lasting 143 kyr and 
suggest that it could have led to a collapse of the WAIS.  They argue that it was the 
duration of this warm interval, not the strength that could have caused ice collapse.  
 
1.6 Antarctic climate before the Mid-Pleistocene Transition  
 The role of Antarctica and the Southern Ocean on global cooling during the late 
Pliocene to early Pleistocene transition as Northern Hemisphere began glaciating was 
mostly unclear until the ANDRILL project in the McMurdo Sound area, Antarctica.  The 
cause for the glaciation of the Northern Hemisphere has focused on the low latitudes, but 
research shows that Antarctic climate may have played an important role as well.  Based 
on the AND-1B core from the Ross Sea, there was a smaller WAIS and reduced sea ice 
extent before 3.3 Ma followed by Southern Ocean cooling and seasonal expansion of sea 
ice from 3.3 to 2.6 Ma (McKay et al., 2012).  They suggest that this Southern Ocean 
cooling strengthened winds and ocean circulation which lead to a reduced Atlantic 
Meridional Overturning Circulation (AMOC) and created the conditions for Northern 
Hemisphere glaciation (McKay et al., 2012).  Patterson et al. (2014) continues this idea 
further by suggesting that Southern Ocean cooling from 3.5 to 2.5 Mya restricted the 
upwelling of warm CO2-rich CDW at the margins of Antarctica causing cooling and 
restricting the melt season to times of austral summer insolation maxima controlled by 
12 
 
precession.  This decrease in radiative forcing caused extensive sea ice cover that 
extended into the summer season and limited the influence of the CDW on the ice sheet 
(Patterson et al., 2014).  
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CHAPTER 2 
SHIPBOARD WORK 
2.1 Site descriptions: U1523, U1522 and U1521 
IODP Site U1523 in the Ross Sea (74°0.02’S, 179°47.70’W) drilled a stratified 
sediment drift on the outermost continental shelf edge in water depth of 828 m (see 
Figure 1 for map).  Cores were drilled and recovered from three holes (A, B, and E).  For 
Hole U1523A, total core recovered was 33.51 m (72% recovery), for hole B, total core 
recovery was 45.13 m (37%), and for hole E, total core recover was 54.08 m (64%).  The 
site is located on the southeastern flank of the Iselin Bank at the shelf break (McKay et 
al., 2019).  This location was chosen because it is beneath the westerly flowing Antarctic 
Slope Current (ASC; Orsi and Widerwohl, 2009).  The ASC is an important control on 
bringing heat flux onto the shelf, so it is key in affecting ice sheet mass balance.  
Sediment at this site could come from multiple sources, including icebergs from the east 
via the ACC and Ross Sea Gyre, downslope delivery by glacial outwash, or downslope 
delivery by suspended sediment and pelagic/hemipelagic sedimentation (McKay et al., 
2019).  Winnowing of the fine-grained sediment is possible during times of strong 
bottom-current flow associate with the ACC (Jacobs et al., 1974).  
Site U1522 is in the Glomar Challenger Basin in the Ross Sea (76°33.2262′S, 
174°45.4652′W) in a water depth of 558 m.  At U1522, there is a single hole cored to 
701.8 m DSF with 279.57 m of recovered sediment (40% recovery).  
Site U1521 is in the Pennell Basin of the Ross Sea (75°41.0351′S, 
179°40.3108′W) in 562 m of water located on the outer continental shelf.  One hole was 
cored to 650.1 m DSF and 411.5 m of sediment was recovered (63% recovery).  
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2.2 Lithostratigraphy of U1523, U1522 and U1521 
Shipboard core description of Site U1523 (McKay et al., 2019) shows that the top 
35 m of the site is defined as Lithostratigraphic Unit I (Pleistocene) and consists of 
massive to laminated bioturbated green-gray to gray-brown diatom-bearing mud.  This 
includes interbedding (at the decimeter scale) with foraminifer-bearing/rich sand and 
clast-rich sand to muddy diamict and might have some mixing and reworking (McKay et 
al., 2019).  The base of Unit I is defined by a decrease in foraminifer abundance and an 
increase in diatoms.  Unit II (Pliocene to Pleistocene) spans from 35-95 m and is a 
massive to laminated green-gray diatom-bearing mud, and olive brown to olive-gray 
diatom-rich mud, interbedded at the decimeter to meter scale with massive gray to green-
gray muddy sand, sand and diamict (McKay et al., 2019).  Based on the shipboard ages, 
Units I and II likely span from ~3 Ma to the modern.  The RSU2 and RSU3 
unconformities (Figures 2 and 3) are present in the Sites U1523, U1522 and U1521. 
Site U1522 is divided into four lithostratigraphic units with Unit I being 
Pleistocene and Unit II being Pliocene (McKay et al., 2019).  Recovery is poor in the top 
200 m core depth below seafloor (Unit I) as seen by the recovery of only washed gravel 
and fall-in.  Poor recovery suggests layers of unconsolidated sand and/or gravel-rich 
intervals.  In other sections of Unit I, the dominant facies is massive bioturbated diatom-
bearing diamictite which includes thin laminated mudstone and muddy diatomite beds.  
Unit II consists of massive dark greenish gray diatom bearing/rich sandy and muddy 
diamictite with interbedded clast-rich and clast poor intervals over tens of meters thick.  
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Site U1521 contains seven lithostratigraphic units (McKay et al., 2019).  The 
upper ~85 m of core (Units I and II of Holocene to middle Miocene age) consists of 
interbedded massive diatom ooze, mud/sandy mud, diamictite, diatom-bearing/rich 
mudstone with dispersed clasts, and diatomite.  Initial interpretation suggests this 
represents short cycles of subglacial, glaciomarine, and open-marine sedimentation.  
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CHAPTER 3 
HYPOTHESES 
This study will test the following hypotheses: 
1. Warming of the Southern Ocean surface ocean and incursions of relatively 
warmer water onto the shelf edge during the late Plio-Pleistocene warm periods can be 
tracked based on foraminiferal abundance and diversity data.  My hypothesis is 
connected to the IODP 374 hypothesis that Antarctic Slope Current regulated the 
southward transport of warm modified Circumpolar Deep Water (mCDW) onto the Ross 
Sea continental shelf as ice was retreating during past warm events (McKay et al., 2019).  
When the mCDW is strongly flowing into the Ross Sea the microfossil record should 
reveal abundant foraminifera and characteristic species that thrive in the conditions of the 
mCDW.  There could be incursions of subpolar or temperate planktic species such as 
Globigerina falconensis, Globigerina bulloides, and Globoconella inflata. I will try to 
match these warm periods with interglacial times. 
 
2. Benthic and planktic foraminiferal and other biotic data will represent the 
paleoecology of the Ross Sea.  These microfossils can provide insights into the nature of 
productivity and the extent of sea ice, the proximity of the Ross Ice Shelf, and bottom 
water characteristics.  For example, Trifarina earlandi (= T. angulosa) is indicative of 
shelf-edge conditions of elevated productivity and strong currents on the seafloor, 
Globocassidulina subglobosa is associated with the elevated salinity of western Ross Sea 
Shelf Water (source waters of Antarctic Bottom Water in the Ross Sea), and agglutinated 
Milliammina arenacea is typical of the calving front of the Ross Ice Shelf where central 
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and eastern Ross Sea Shelf Water is very cold and relatively less saline (Osterman and 
Kellogg, 1979; Melis and Salvi, 2009; Orsi and Wiederwohl, 2009).  
 
3. The benthic foraminifera assemblages will be spatially variable among the 
three sites, U1521, U1522 and U1523, reflecting the variable nature of sea ice conditions 
and productivity, northern extent of the grounding line and the Ross Ice Shelf, 
sedimentation rates, and character of bottom waters across the shelf during late Pliocene-
Pleistocene time. 
 
4. Benthic foraminifera will reflect the carbonate compensation depth (CCD), the 
depth below which carbonates are not preserved in the ocean sediment. Times that were 
warm, such as during the late Pliocene may have had a deeper CCD than during the 
Pleistocene.  The CCD is currently relatively shallow in the Ross Sea compared to the 
rest of the world ocean and it is likely that this depth has changed in the past as a function 
of water masses on the shelf, and/or the flux of organic matter from the surface.  The 
CCD is shallower with higher levels of CO2 associated with colder waters originating 
from beneath the Ross Ice Shelf, as well as with the relatively saline shelf waters of the 
western Ross Sea.  The CCD may also be influenced by the rate of productivity in the 
surface ocean and the flux of organic matter to the seafloor.  I will test this by looking for 
times in the record when the number of foraminifera per gram of sediment is low, there 
are many broken or partially dissolved specimens and there are many agglutinated 
foraminifera species present.  
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CHAPTER 4 
MATERIALS AND METHODS 
4.1 Sediment Cores 
IODP Expedition 374 cored five sites (Figure 1) at a range of water depths on the 
Ross Sea shelf and slope from January to March of 2018 using the JOIDES Resolution 
drilling vessel.  In August 2018, 740 samples (10-20 cm3) specifically for 
micropaleontology work were taken at the IODP Gulf Coast Core Repository as part of 
the post-expedition sampling party.  The samples were taken about two per core section, 
with each core section being 1-1.5 m.  Of that, 100 samples are from the Plio-Pleistocene 
section of Site U1523, which is the focus of this study.  In addition, there are 62 samples 
of U1522 and 14 samples from U1521, all from the Plio-Pleistocene sections, were also 
included.  An additional 22 samples were taken from U1523 in June 2019 to add to the 
data set.  
 
4.2 Sample Preparation  
Microfossil data were collected on 122 samples from holes A, B and E of U1523, 
62 samples from U1522, and 14 samples from U1521.  Samples were processed by freeze 
drying each sample, washing them through a 63 μm sieve, and drying overnight on filter 
paper at 50° C.  Foraminifera, including calcareous and agglutinated tests, were picked 
from the >63 μm size fraction.  To prepare for picking, each sample was sieved through 
841 and 125 μm sieves to obtain the 125-841 μm fraction.  Samples with a large amount 
of material were split using a microsplitter and then spread evenly onto a standard 
microfossil picking tray.  Planktic and benthic foraminifer were picked with a fine brush 
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until a total of 300 whole specimens were reached.  A count of 300 was not reached for 
every sample and in these cases, the entire tray was picked of foraminifers.  Ostracodes 
are not common in these samples but if found they were picked to be used in a future 
study.  In addition, counts were made of radiolarians, bivalve fragments, sponge spicules, 
echinoderm spines, and both benthic and planktic fragments though these specimens were 
left in the sample and not picked.  Sedimentological weights were collected by weighing 
the freeze-dried sample before it was washed through the >63 μm size sieve and 
subtracting the washed and dried weight from the original to get the silt and clay size 
fraction (<63 μm).  Then, the sand fraction (63 μm to 2 mm) and gravel (>2 mm) weights 
were measured for each sample. 
 
4.3 Geochronology  
Perhaps the greatest limitations of this study are the age models for each of the 
three sites.  The age model for U1523 covers most of the Pleistocene, except for an 
unconformity.  The age model for U1521 covers the late Pliocene and early Pleistocene.  
The rest of the Pleistocene for U1521 and U1522 does not have an age model because of 
abundant reworking (U1522) or not enough data (U1521).  
Preliminary core chronology of U1523 was created using biochronology and 
magnetostratigraphic chronology done shipboard during Expedition 374 (Figure 4; 
McKay et al, 2019).  Diatoms, radiolarians, and dinoflagellates were studied on board to 
determine first and last occurrences for key species.  Age diagnostic planktic foraminifera 
are absent.  In addition to biostratigraphy, the identification of a few magnetic polarity 
events provides critical age control.   
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The age model for this study, based on the shipboard work for Site U1523, was 
created by extending a line through the top of the core and the R1 datum (Last 
Appearance Datum (LAD) Antarctissa cylindrica) at 0.65 Ma, and then extending a 
straight line until the unconformity at 21 m.  Below the unconformity, the age model is 
made using two magnetic reversals, C1r.3r/C2n at 1.78 Ma and C2r/C2An at 2.58 Ma, 
and the D8 datum (First Appearance Datum (FAD) Actinocyclus maccollumii) at 2.80 Ma 
(McKay et al., 2019).  Sedimentation rate decreases up the core.  From the bottom of the 
core to 48 m (1.78 Ma), the sedimentation rate is 17.1 cm/ky. The rate decreases to 3.3 
cm/ky from 48 m to 21 m (1.4 Ma), and then further decreases to 1.5 cm/ky from 21-0 m.  
This rate change could indicate a change in the ocean environment in the Ross Sea.   
For Site U1522, an age model was created shipboard (Figure 5) for a portion of 
the cored interval.  The upper 208 m contains significant reworking and poorly dated and 
poorly recovered Pleistocene sediments, and therefore, no age model was created.  From 
208-350 m (Pliocene section of the core) a linear age model was created based on the R1 
datum (LAD Desmospyris spongiosa) at 2.47 Ma, the point of the slope change on the 
biostratigraphic figure for Site U1522 and the R7 datum (LAD Desmospyris 
rhodospyroides) at 5.95 Ma.  
For Site U1521, an age model was created on the ship (Figure 6).  There is an 
unconformity between cores 1R and 2R.  One age date was found for core 1R (0.65 Ma at 
4.28 m top depth CFS-A) but it was not projected for the rest of core 1R.  For cores 2R 
and 3R, the datum R3 (LAD Desmospyris spongiosa) at 2.47 Ma and the datum R4 (FAD 
Cycladophora davisiana) at 2.51 Ma were used to create a linear age model from 8.56-
19.21 m.   
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4.4 Statistical Testing  
Initial statistical testing was done on benthic foraminifera using PAST software 
(PAleontological STatistics v. 4.01).  A classical Q-mode (pairwise distances between 
samples) clustering test was performed using the Bray-Curtis measure for abundance 
data.  Bray-Curtis is useful for quantifying the differences in species populations between 
different sites or at different times.  Benthic foram data were clustered into five groups as 
seen by the five colors on figure 10.  Only Site U1523 had enough specimens to conduct 
a statistical analysis.  
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CHAPTER 5 
RESULTS 
5.1 Site U1523 
 The Site U1523 cores record cycles of relatively high numbers of foraminifera, to 
few or none (Table 1).  This is shown in the number of benthic species per sample and 
the benthic and planktic forams per gram of sediment (Figure 7c and d).  The number of 
benthic species per sample is highest at ~2.0-1.8 Ma, 1.3-0.8 Ma, and 0.16 Ma to present.  
Forams per gram of sediment for both planktics and benthics is highest at ~2.8 Ma, 2.3 
Ma, 2.0-1.8 Ma.  The percent fragments of benthics and planktics (Figure 7e) changes 
through the cored interval with fragmentation being low through much of the upper 
Pliocene-Pleistocene section except at the top where fragmentation is 25-50% for 
benthics from 0.72 Ma to present, and 25-50% for planktics from 0.3 Ma to present.  For 
some of intervals of the section there are close to equal numbers of planktics and benthics 
(Figure 7b), but there are consistently more planktics from ~2.0-0.5 Ma as seen by 
percent planktics >50%.  The percent abundance (by weight) of fine sediment (Figure 7a) 
changes through the study interval.  Percent fines (silt and clay) are lower (<50% of the 
sample) around 2.8 Ma, 2.7 Ma, 2.33 Ma and 1.25-0.6 Ma.  
 Planktic foraminiferal assemblages (Figure 8) are dominated by 
Neogloboquadrina pachyderma throughout the upper Pliocene-Pleistocene of Site 
U1523.  Subpolar N. incompta is present through most of the section at abundances of 
<10%.  Temperate Globigerina bulloides and G. falconensis are rare and show up around 
2, 1.79, 1.4 and 1.0 Ma.  Subpolar Turborotalita quinqueloba is also rare and shows up 
around 1.0 Ma, and 1.96-2.0 Ma.  Tropical-subtropical Globigerinoides ruber and 
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temperate Globoconella inflata occur in one sample at 2.64 Ma.  Total planktics (Figure 
8e) varies through the section with some samples (60 samples with less than 10 
specimens) being too small to include in the planktic abundance data.  The numbers of 
planktics are especially high (>200 specimens) around 3.3 Ma, 2.8 Ma, 1.96-1.81 Ma, 
1.04-0.87 Ma, and 0.45 Ma.   
 Benthic foraminifera abundances (Figure 9a) are dominated by Trifarina earlandi 
and Globocassidulina subglobosa and G. biora.  From 1.36-0.82 Ma, T. earlandi is 
common, but is at <50% of the assemblage instead of >50% elsewhere.  Nonionella sp. 
and Rosalina globularis are both present at around 20% of the samples.  The informal 
Globocassidulina Zone is from 1.4 to 1.2 Ma where G. subglobosa dominates (Figure 9), 
followed by the informal Nonionella Zone from 1.2 to 0.5 Ma where the nominate genus 
is relatively abundant.  From 0.5 Ma to present is the informal Trifarina earlandi Zone, 
where T. earlandi peaks and is generally >50% of the assemblages.  
 Additional microfossil data were collected on ostracod, echinoderm, radiolaria, 
and sponge spicule abundances as reported per gram of sediment (Figure 10).  There are 
spikes of ostracods from 1.01-0.87 Ma and 0.1 Ma (Figure 10a), but generally ostracods 
are rare.  Echinoderms (Figure 10b) spike at 2.79 Ma, 2.32 Ma, 1.97-1.83 Ma, 1.01 to 
0.87 Ma and 0.1 Ma, but are generally not common.  Radiolarians are more common with 
spikes from 2.8-2.65 Ma with between 0-300 specimens per gram for the study interval 
(Figure 10c).  Sponge spicules are the most common microfossil other than foraminifera, 
and spike from 2.03-1.83 Ma and 1.01-0.67 Ma.    
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5.2 Site U1522  
 Sixty-one samples were examined for foraminifera from Site U1522 (Table 2).  
Of those samples, most are barren of foraminifera.  Nine samples have 1-2 specimens of 
benthic foraminifera, and two samples have 1-2 planktic specimens.  Many of the 
foraminifera are not well preserved and some are discolored yellow to orange. Species 
identified include G. subglobosa and N. pachyderma. 
 
5.3 Site U1521 
 Fourteen samples from Site U1521 were examined (Table 3).  Of these samples, 
four are barren of foraminifera, five have only 1-3 specimens of benthics, four have 12-
42 benthics, and one has 117 benthics.  The sample with 117 benthics also contains 15 
planktic specimens.  Of the benthic species, the agglutinated Miliammina arenacea is 
most common, with one sample containing many specimens of calcareous Trifarina 
earlandi, as well as the planktic Neogloboquadrina pachyderma.  Foraminifera are 
present from 19.21-8.44 m, absent or rare from 8.30-3.83 m and present again from 3.10-
0 m.  
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CHAPTER 6 
DISCUSSION 
6.1 Possible warm intervals   
Foraminiferal assemblages are generally dominated by planktic species (figure 
7d) through much of the Pleistocene at Site U1523, although there is a stepped increase in 
the percent benthics ~2.0-1.8 Ma, during the mid-Pleistocene transition, and then again 
after MIS 11.  Foraminiferal abundances vary greatly through the uppermost Pliocene 
and Pleistocene section cored at Site U1523.  Low forams/g and frequent barren samples 
in the diatom-rich uppermost Pliocene may be a consequence of very high sedimentation 
rates and/or dissolution.  High numbers of planktic and benthic foraminifera might 
indicate periods when the Ross Sea was warmer and/or less sea ice was present.  Melis 
and Salvi (2009) suggested that the highest numbers of forams are present when there 
was an ice shelf overhead with open marine conditions being associated with corrosive 
waters and no calcareous benthics. 
Based on the sedimentological data (Figure 7a) and increased number of planktic 
and benthic foraminifera per gram of sediment (Figure 7b), there appears to be a signal 
for a warm period at G7 or G11 and G1 during the latest Pliocene, and MIS 91, MIS 75-
63, before and after MIS 31, MIS 11, and MIS 5e during the Pleistocene.  These time 
periods have increases in planktics/g and benthics/g.  Planktics increase the most, but the 
benthic/g data trend follows the planktics/g data.  A high number of foraminifera in 
Antarctic waters indicate higher productivity that could be related to less ice cover.  The 
planktic increases may indicate intervals of warmth greater than most interglacials that 
possibly lead to significant reduction or the collapse of the WAIS.  Generally, a 
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decreased weight percent of fine sediment (silt and clay) corresponds with higher 
abundances of planktics/g.  With less fine-grained material, there are greater abundances 
of sand and pebble sized particles due to more ice rafting or vigorous bottom currents and 
winnowing of the finer grained material.  The foram increases could represent times of 
significantly less sea ice (polynya), caused by strong katabatic winds or incursions of 
warmer water from the Southern Ocean, and/or may represent times of retreat of the Ross 
Ice Shelf.   
The planktic assemblages are dominated by Neogloboquadrina pachyderma with 
rare N. incompta and very rare Globigerina bulloides, G. falconensis, and Turborotalita 
quinqueloba (Figure 8).  There are four periods with temperate water taxa present, all 
between ~3-1.8 Ma, which could be strong evidence indicating incursions of warmer 
waters into the Ross Sea and affecting ice cover. T. quinqueloba peaks around 2.8 Ma.  
Temperate Globoconella inflata and tropical-subtropical Globigerinoides ruber are 
present in a single sample at ~2.65 Ma near the Pliocene/Pleistocene boundary.  
Temperate G. bulloides has a small peak at 2.33 Ma, while temperate Globigerina 
falconensis peaks from 1.98 to 1.8 Ma.  These four peaks could represent four incursions 
of warmer water reaching the Ross Sea between 3 and 1.8 Ma.  These four peaks 
correspond with four of the possible warm intervals from the upper most Pliocene-lower 
Pleistocene of Site U1523 during G7 or G11, G1, MIS 91, and from MIS 75-63 and 
provide further evidence for warmer periods during those times.  
Some of the trends in the planktic foraminifera data at U1523 are also seen in the 
other microfossil data based on ostracods, echinoderms, radiolarians, and sponge 
spicules.  At G11 or G7, ostracods, echinoderms, radiolarians, and sponge spicules (per 
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gram of sediment) all increase.  At G1, only radiolarians show an increase in abundance.  
At MIS 91, all microfossil data increase.  From MIS 75-63, echinoderms, radiolarians, 
and sponge spicules increase.  From MIS 31-21, all microfossil data increase.  At MIS 
11, radiolarians and sponge spicules increase.  At MIS 5e, all microfossil data increase.  
Sponge spicules especially do well in times of higher productivity, which is more likely 
when the Ross Sea is either warmer or with less ice coverage.  These microfossil data 
support evidence for the warm periods seen in the planktic foram data.   
 
6.2 Benthic foraminifera 
The most common benthic species at Site U1523 are plotted as figure 9.  These 
species include Trifarina earlandi, Globocassidulina subglobosa, Cibicides lobatulus, 
Ehrenbergina glabra, and Nonionella iridea, with Trifarina earlandi being the most 
common.  From 0.5-0 Ma, T. earlandi is dominant, which is significant because it is 
indicative of shelf-edge conditions and strong currents (Osterman and Kellogg, 1979).  
The increasing presence of T. earlandi towards the top of the core could indicate 
intensified bottom water currents during this period.   Based on the cluster analysis 
statistical work (figure 10), the T. earlandi Zone contains three clusters demonstrating 
that there are three time periods (0.43, 0.25, 0.01 Ma on figure 10) when T. earlandi was 
especially dominant (~75% abundance), which could indicate that these times had 
especially strong ocean currents.  
The second most common benthic species at Site U1523 is Globocassidulina 
subglobosa, a taxon that is today associated with high saline Ross Sea Shelf Water in the 
western Ross Sea, which is the source water for Antarctic Bottom Water (Budillon et al., 
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2003; Osterman and Kellogg, 1979; Melis and Salvi, 2009; Orsi and Wiederwohl, 2009).  
This taxon has peak abundances prior to the Mid-Pleistocene Transition, at 2.7-2.6 Ma, 
2.1 Ma, 1.8 Ma, 1.4-1.2 Ma, and 0.5 Ma, which may correspond with times of significant 
sea ice formation, brine rejection, and greater production high saline Shelf Water.  
Peak abundances of Nonionella spp. (N. iridea, N. bradii), and Rosalina 
globularis are most common during the Mid-Pleistocene Transition, particularly in the 
interval from MIS31 to MIS19.  Nonionella spp. and R. globularis also have a peak 
abundance at ~2.1 Ma and may be associated with MIS81.  Other typical Antarctic 
calcareous species are less common but show occasional peaks of abundances that likely 
correspond most closely with interglacials, based on our low-resolution age model for 
Site U1523, including Astrononion (A. echolsi, A. antarcticum), Ehrenbergina glabra, 
Eponides weddellensis, and Cibicides spp. (C. lobatulus, C. refulgens).  
 
6.3 Foraminifera spatial variability 
The spatial variability of the three cores in the Ross Sea is summarized in figure 
12. At Site U1522, forams are very rare and some appear reworked based on 
discoloration (yellow to orange) and/or preservation of the test.  At this site, the sediment 
is highly reworked, especially the top 200 m based on diatom data (McKay et al., 2019), 
and the sedimentation rate was very high; the uppermost Pliocene and Pleistocene is 
represented by 400 m of sediment while that same time period is represented by 90 m at 
Site U1523 and 20 m at U1521.  Therefore, a major reason for the paucity of foraminifera 
at Site U1522 is likely due to dilution from the high rate of sedimentation.  This high 
sedimentation rate could be due to U1522 being close to the sub-ice shelf environment of 
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the Ross Ice Shelf where an abundance of sediment is coming out from under the ice 
sheet.  Seismic data shows that this region of the shelf experienced significant 
progradation due to multiple glaciations during the Pleistocene that grounded on the shelf 
and delivered high rates of sedimentation.  Site U1522 is located in the Glomar 
Challenger Basin and is closest to the modern Ross Ice Shelf and was even closer to the 
grounding line of the West Antarctic Ice Sheet during the Pio-Pleistocene.  
At Site U1521, there are 14 samples analyzed with one barren interval in the 
middle of the site.  Foraminifera are present in the top half of Core 1R and from Core 2R-
CC through Core 3R.  This lower section has an age model indicating early Pleistocene 
(2.51-2.47 Ma) but the rest of the core is without an age model.  In the Pleistocene, there 
is one sample dominated by M. arenacea suggesting proximity to the Ross Ice Shelf 
(Osterman and Kellogg, 1979).  In In the middle of Core R1, there is one sample 
dominated by T. earlandi and N. pachyderma, which is similar to the T. earlandi and N. 
pachyderma dominated samples in U1523 and may indicate similar conditions during this 
time period to the top of U1523.  At the top of Core R1, there is one sample again 
dominated by M. arenacea suggesting proximity to the Ross Ice Shelf and low salinity 
Shelf Water (Budillon et al., 2003; Orsi and Wiederwohl, 2009).  Site U1521 represents 
multiple grounding events and removal of sediments. Because of its location in the 
Pennell Basin, Site U1521 could be related to the East Antarctic Ice Sheet as well as the 
WAIS. 
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6.4 Carbonate Compensation Depth 
 Carbonate compensation depth was not able to be determined in this study.  There 
is not enough evidence to show whether periods of little to no foraminifera could have 
been because of a change to the CCD or because of other changes.  This is because no 
periods of agglutinated foraminifera were recognized, so it was not possible to 
distinguish times of a change to the CCD with non-CCD changes that could cause low 
carbonate foraminifera such as low ocean productivity conditions, issues with dilution 
because of high sedimentation rates or reworking of sediment destroying fossils.   
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CHAPTER 7 
CONCLUSIONS 
 Repeated changes in foraminiferal abundances, and relative abundances at IODP 
Site U1523 reflect the dynamic nature of water masses, circulation, and productivity 
during the latest Pliocene and Pleistocene, with some of the most dramatic changes in 
benthic foraminiferal assemblages occurring during and after the Mid-Pleistocene 
Transition (MPT).  
A sharp decrease in sedimentation rates from ~17.1 m/myr to ~3.3 m/myr at ~2.6 Ma 
suggests colder conditions in the Ross Sea at the start of the Pleistocene. The presence of 
a short hiatus (~1.8-1.4 Ma) at Site U1523 and a further decrease in sedimentation rates 
in the late Pleistocene (~1.5 m/myr) suggests increased influence of the Antarctic Slope 
Current or modified Circumpolar Deep Water, or a major change in the oceanography of 
the Ross Sea during the MPT, perhaps due to continued overdeepening of the shelf.  
The cycles of the foraminiferal abundances and benthic assemblages indicate 
paleoceanographic changes at the edge of the Ross Sea.  The existence of temperate 
species of planktic foraminifera present prior to ~1.8 Ma suggests periods of warmer than 
present conditions in the Ross Sea. A short hiatus, ~1.8-1.4 Ma, separates the lower and 
upper Pleistocene at Site U1523.  Especially high abundances of foraminifera are 
associated with the time period just before, during and after MIS 31. These conditions 
suggest that the Ross Sea was less ice covered from MIS 31 to MIS 21 during the Mid-
Pleistocene Transition (MPT). 
Increased foram abundances at MIS 11, and particularly during MIS 5, suggest that 
these periods were also much less ice covered. We suspect MIS 5 rather than MIS11 
32 
 
could be associated with collapse of the West Antarctic Ice Sheet (Scherer et al., 1998). 
Increased foram fragments, decreased forams present and increased Trifarina earlandi, 
indicate more intensified bottom water currents, and perhaps increased corrosiveness 
after the MPT.  Collectively, the foram abundance data show that the Ross Sea had 
intervals warmer than today in the early Pleistocene, cooled through the MPT, and had 
greater influence from the Antarctic Slope Current and/or modified Circumpolar Deep  
Water since the MPT. 
The shelf sites present a very different record of glacial and water mass history in the 
Ross Sea. Site U1522 records high sedimentation and progradation on the RS continental 
shelf as the West Antarctic Ice Sheet waxed and waned during the Pleistocene. Foram 
assemblages are depauperate, poorly preserved, and mostly reworked.  Site U1521 
records the advance and retreat of the Antarctic Ice Sheet and the Ross Ice Shelf during 
the Pleistocene; the section has been deeply truncated by multiple grounding events. 
Foram assemblages are mostly ravaged by the corrosive bottom waters of the western 
Ross Sea under the influence of the polynya, but occasionally providing glimpses of the 
shifting ice positions.  
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TABLES 
Table 1: 1523 foraminifera counts (continued onto next two pages) 
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374 U1523A 1H 1 17 19 0.17 0.011 1 2 2 3 1 7 2 1 52 8 79 49 49
374 U1523A 1H 1 88 90 0.88 0.058 3 5 1 1 1 3 1 11 3 1 34 64 6 123 129
374 U1523A 1H 2 3 4 1.54 0.102 1 5 7 1 25 2 5 13 6 3 2 2 84 156 3 133 136
374 U1523A 1H 2 13 15 1.63 0.108 3 6 7 7 1 7 11 5 15 2 7 5 13 1 94 1 185 7 138 145
374 U1523A 1H 2 23 25 1.73 0.115 1 3 2 3 1 17 14 11 9 7 6 25 1 1 6 2 103 212 6 88 94
374 U1523A 1H 2 88 90 2.38 0.158 3 6 4 2 1 3 11 2 8 12 1 1 1 50 105 1 121 122
374 U1523A 1H 3 17 19 3.17 0.210 1 4 7 2 1 1 9 25 15 15
374 U1523A 1H 3 88 90 3.88 0.257 1 1 1 15 18 22 22
374 U1523A 1H 4 13 15 4.64 0.307 1 1 1 1 1 8 2 1 1 26 43 1 26 27
374 U1523A 1H 4 88 90 5.38 0.357 1 1 0
374 U1523A 1H 5 13 15 6.13 0.406 2 2 8 8
374 U1523A 1H 5 47 49 6.43 0.427 1 2 1 1 28 33 21 21
374 U1523A 1H 5 73 75 6.73 0.447 2 1 2 1 6 3 1 46 62 5 202 207
374 U1523A 1H 5 92 94 6.92 0.459 0 7 7
374 U1523A 1H 5 103 105 7.03 0.466 1 1 6 8 11 11
374 U1523A 1H 5 137 139 7.33 0.486 1 4 1 10 16 4 37 41
374 U1523A 1H 6 13 15 7.63 0.506 1 1 1 1
374 U1523A 1H 6 34 36 7.83 0.519 3 1 4 0
374 U1523A 1H 6 66 68 8.13 0.539 0 0
374 U1523A 2H 1 13 15 8.63 0.572 1 1 2 5 5
374 U1523A 2H 1 88 90 9.38 0.622 1 1 2 4 0
374 U1523A 2H 2 13 15 10.14 0.672 1 1 7 7
374 U1523A 2H 2 88 90 10.89 0.722 1 1 1 3 8 8
374 U1523A 2H 3 17 19 11.68 0.774 1 1 3 1 1 4 4 1 16 2 157 159
374 U1523A 2H 3 88 90 12.39 0.821 1 1 4 1 3 1 3 14 0
374 U1523A 2H 3 125 127 12.76 0.845 4 1 1 1 1 3 5 1 6 10 7 40 9 252 261
374 U1523A 2H 4 17 19 13.18 0.873 2 2 1 1 2 7 3 1 13 13 5 50 4 268 272
374 U1523A 2H 4 42 44 13.46 0.892 2 3 1 2 3 1 6 2 3 19 42 7 249 256
374 U1523A 2H 4 92 94 13.93 0.923 7 7 3 6 4 1 12 1 12 14 67 4 242 246
374 U1523A 2H 4 111 113 14.16 0.938 1 4 1 1 1 5 3 2 4 5 28 55 9 246 255
374 U1523A 2H 4 126 128 14.26 0.945 2 1 1 3 6 2 15 6 7 43 8 269 277
374 U1523A 2H 4 133 134 14.36 0.951 2 3 1 2 4 4 5 7 25 53 12 229 241
374 U1523A 2H 4 143 145 14.46 0.958 2 3 2 2 3 3 2 8 12 17 54 8 250 258
374 U1523A 2H 5 9 11 14.57 0.965 1 1 7 1 1 6 1 4 3 9 1 35 14 251 265
374 U1523A 2H 5 17 19 14.69 0.973 1 1 4 8 3 6 4 12 6 11 56 8 270 278
374 U1523A 2H 6 5 7 14.79 0.980 3 3 6 1 8 2 2 4 5 5 7 14 60 8 235 243
374 U1523A 2H 6 17 19 14.91 0.988 2 2 7 1 8 8 1 4 5 22 60 9 261 270
374 U1523A 2H 6 26 28 14.99 0.993 8 1 1 3 1 1 4 8 27 5 276 281
374 U1523A 2H 7 5 7 15.13 1.003 1 1 1 2 1 1 7 1 21 22
374 U1523A 2H 7 17 19 15.25 1.010 3 4 4 3 2 5 4 5 6 4 1 9 50 7 248 255
374 U1523A 2H 7 23 25 15.33 1.016 2 4 5 10 2 8 1 4 7 21 1 65 7 250 257
374 U1523A 2H 7 71 73 15.79 1.046 2 2 3 1 5 3 3 2 1 3 19 44 7 279 286
374 U1523A 3H 1 15 17 18.15 1.203 1 1 4 6 6 53 5 5 60 141 1 174 175
374 U1523A 3H 1 90 92 18.90 1.252 2 2 1 31 1 1 25 63 1 92 93
374 U1523A 3H 2 15 17 19.49 1.291 1 2 3 5 5
374 U1523A 3H 2 90 92 20.24 1.341 3 4 4 11 63 6 3 47 141 4 177 181
374 U1523A 3H 3 15 17 20.50 1.358 1 4 1 6 30 5 1 15 63 4 100 104
374 U1523A 3H 4 15 17 21.30 1.411 0 1 1
374 U1523A 3H 5 15 17 22.16 1.792 4 1 5 0
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374 U1523A 3H 6 15 17 22.93 1.815 4 1 1 1 5 1 36 1 41 91 6 1 207 214
374 U1523A 3H 7 15 17 23.53 1.833 1 5 1 3 3 24 3 2 2 2 29 75 5 5 245 255
374 U1523A 3H 7 90 92 24.28 1.855 2 2 6 3 1 32 1 1 1 39 88 1 4 235 1 241
374 U1523A 3H 8 15 17 24.58 1.864 1 4 1 3 9 3 2 31 1 2 1 2 42 102 17 4 227 248
374 U1523A 4F 1 35 37 27.85 1.962 2 10 1 5 14 2 10 26 2 2 56 130 23 4 167 194
374 U1523A 4F 2 15 17 28.16 1.971 5 7 3 13 1 9 32 4 1 2 8 56 141 9 4 165 178
374 U1523A 4F 2 90 92 28.91 1.994 2 4 8 3 19 36 2 81 83
374 U1523A 4F 3 15 17 29.54 2.013 1 5 2 1 7 16 24 24
374 U1523A 4F 3 90 92 30.29 2.035 0 2 2
374 U1523A 5F 1 15 17 32.35 2.097 2 2 1 30 2 1 3 11 1 53 28 28
374 U1523A 5F 2 17 19 33.15 2.121 1 3 1 1 8 2 16 2 8 10
374 U1523A 6F 1 15 17 37.05 2.238 0 0
374 U1523A 6F 1 90 92 37.79 2.260 0 1 1
374 U1523A 6F 2 15 17 38.54 2.282 1 2 1 2 2 4 2 14 34 34
374 U1523A 6F 2 90 92 39.28 2.304 0 2 2
374 U1523A 6F 3 5 7 39.93 2.324 3 1 1 7 21 2 2 32 69 5 1 228 234
374 U1523A 6F 3 15 17 40.02 2.327 1 1 1 2 1 4 10 22 59 101 13 2 8 194 217
374 U1523A 6F 3 23 27 40.12 2.330 3 6 10 3 3 1 64 90 1 1 37 39
374 U1523A 6F 4 10 12 40.79 2.349 1 2 4 7 5 5
374 U1523A 7F 1 58 60 42.18 2.391 0 0
374 U1523B 3F 1 43 45 47.05 2.537 2 4 4 9 19 23 23
374 U1523B 3F 1 110 112 47.80 2.559 1 1 5 5
374 U1523B 3F 2 35 37 48.47 2.579 0 0
374 U1523B 3F 2 110 112 49.22 2.585 2 2 4 1 1
374 U1523B 5F 1 35 37 56.45 2.627 1 1 0
374 U1523B 5F 1 110 112 57.20 2.632 1 11 2 1 1 1 17 3 3
374 U1523B 5F 2 35 37 57.96 2.636 1 7 8 2 2
374 U1523B 5F 2 110 112 58.71 2.641 6 1 11 1 4 23 2 2
374 U1523B 5F 3 35 37 59.48 2.645 4 3 7 6 4 9 19
374 U1523B 5F 3 108 110 60.21 2.649 2 2 3 3
374 U1523E 12F 1 35 37 60.34 2.650 2 2 0
374 U1523E 12F 1 110 112 61.07 2.654 6 6 0
374 U1523E 12F 2 35 37 61.79 2.659 0 3 3
374 U1523E 12F 2 110 112 62.52 2.663 0 0
374 U1523E 12F 3 35 37 63.23 2.667 0 0
374 U1523E 12F 3 110 112 63.95 2.671 0 0
374 U1523E 12F 4 35 37 64.32 2.673 0 0
374 U1523B 7F 1 35 37 65.84 2.682 1 1 2 0
374 U1523B 7F 1 110 112 66.58 2.686 0 0
374 U1523B 7F 2 35 37 67.31 2.691 2 1 3 14 14
374 U1523B 7F 2 110 112 68.05 2.695 1 1 1 6 7
374 U1523B 7F 3 35 37 68.79 2.699 0 3 3
374 U1523B 7F 3 110 112 69.52 2.704 1 1 2 0
374 U1523B 8F 1 35 37 70.55 2.710 1 1 2 1 1 6 8
374 U1523B 8F 1 110 112 71.30 2.714 0 0
374 U1523B 8F 2 35 37 72.06 2.718 0 0
374 U1523B 8F 2 110 112 72.81 2.723 0 0
374 U1523B 8F 3 35 37 73.59 2.727 0 0
374 U1523B 8F 3 110 112 74.34 2.732 0 0
35 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
cr
u
is
e
h
o
le
co
re
se
ct
io
n
cm
 t
o
p
cm
 b
o
tt
o
m
To
p
 d
ep
th
 C
SF
-B
 (
m
)
A
ge
 M
o
d
el
 7
/1
8
A
n
o
m
al
an
o
id
es
 s
p
. 
A
st
ro
n
o
n
io
n
 a
n
ta
rc
ti
cu
s
A
st
ro
n
o
n
io
n
 e
ch
o
ls
i
B
o
liv
in
a 
sp
.
C
as
si
d
u
lin
a 
te
re
ti
s
C
as
si
d
u
lin
o
id
es
 p
ar
ke
ri
an
u
s
C
as
si
d
u
lin
o
id
es
 p
o
rr
ec
tu
s
C
ib
ic
id
es
 s
p
.
C
ib
ic
id
es
 g
ro
ss
ep
u
n
ct
at
u
s
C
ib
ic
id
es
 lo
b
at
u
lu
s 
C
ib
ic
id
es
 r
ef
u
lg
en
s
C
ib
ic
id
es
 s
u
b
h
ai
d
in
ge
ri
Eg
ge
re
lla
 b
ra
d
yi
 n
it
en
s
Eh
re
n
b
er
gi
n
a 
gl
ab
ra
El
p
h
id
iu
m
 s
p
p
.
Ep
is
to
m
in
el
la
 e
xi
gu
a
Ep
is
to
m
in
el
la
 v
it
re
a
Ep
o
n
id
es
 w
ed
d
el
le
n
si
s
Fu
rs
en
ko
in
a 
fu
si
fo
rm
is
G
av
e
lin
o
p
si
s 
lo
b
at
u
lu
s
G
lo
b
o
ca
ss
id
u
lin
a 
b
io
ra
G
lo
b
o
ca
ss
id
u
lin
a 
su
b
gl
o
b
o
sa
   
G
yr
o
id
in
a 
sp
.
H
ap
lo
p
h
ra
gm
o
id
es
 s
p
 (
ag
gl
u
t.
)
H
. e
le
ga
n
s
M
el
o
n
is
 b
ar
le
ea
n
u
m
M
ili
am
m
in
a 
ar
en
ac
ea
M
ili
am
m
in
al
at
a
N
o
d
o
sa
ri
id
ae
 (
fa
m
ily
) 
N
o
n
io
n
 s
p
. 
N
o
n
io
n
 g
er
m
an
ic
u
s
N
o
n
io
n
el
la
 b
ra
d
ii
N
o
n
io
n
el
la
 ir
id
ea
N
o
n
io
n
el
la
 s
p
p
.
Pa
te
lli
n
a 
co
rr
u
ga
ta
Pa
te
lli
n
a 
an
ta
rc
ti
ca
Pu
lle
n
ia
 b
u
llo
id
es
Pu
lle
n
ia
 s
u
b
ca
ri
in
at
a
Po
lle
n
ia
 s
u
b
ca
ri
n
at
u
s
Q
u
in
q
u
el
o
cu
lin
a 
se
m
in
u
la
R
o
sa
lin
a 
gl
o
b
u
la
ri
s
St
ai
n
fo
rt
h
ia
 c
o
n
ca
va
Tr
if
ar
in
a 
ea
rl
an
d
i
Tr
if
ar
in
a 
Ea
rl
an
d
i s
p
in
o
se
Tr
ilo
cu
lin
a
To
ta
l B
en
th
ic
s
G
lo
b
ig
er
in
a 
b
u
llo
id
es
G
lo
b
ig
er
in
it
a 
gl
u
ti
n
at
a
G
lo
b
o
ro
ta
lia
 in
fl
at
a
G
lo
b
ig
er
in
o
id
es
 r
u
b
er
N
eo
gl
o
b
o
q
u
ad
ri
n
a 
in
co
m
p
ta
N
eo
gl
o
b
o
q
u
ad
ri
n
a 
p
ac
h
yd
er
m
a
Pa
ra
gl
o
b
o
ro
ta
lia
 in
co
gn
it
a
Tu
rb
o
ro
ta
lit
a 
q
u
in
q
u
el
o
b
a
To
ta
l P
la
n
kt
ic
s
374 U1523B 9F 1 28 30 75.18 2.737 2 8 1 2 1 7 21 7 7
374 U1523B 9F 1 105 107 75.95 2.741 1 1 3 5 1 1 2
374 U1523B 10F 1 35 37 79.95 2.765 0 0
374 U1523B 10F 1 110 112 80.70 2.769 2 2 0
374 U1523B 10F 2 35 37 81.34 2.773 0 0
374 U1523E 15F 1 35 37 82.05 2.777 0 0
374 U1523B  10F 2 110 112 82.09 2.777 0 0
374 U1523B 10F 3 35 37 82.74 2.781 0 0
374 U1523E 15F 1 110 112 82.80 2.781 2 3 5 0
374 U1523B 10F 3 88 90 83.27 2.784 0 0
374 U1523E 15F 2 35 37 83.55 2.786 1 5 1 7 1 2 12 29 31 31
374 U1523B 10F 4 30 32 83.65 2.786 8 3 1 12 0
374 U1523E 15F 2 110 112 84.30 2.790 1 3 3 6 13 12 1 13
374 U1523B 11F 1 35 37 84.65 2.792 2 3 1 2 3 1 51 5 1 13 8 90 2 202 19 223
374 U1523E 15F 3 35 37 85.06 2.794 0 1 1
374 U1523B 11F 2 35 37 85.24 2.795 1 2 2 1 4 16 4 30 1 52 18 71
374 U1523E 15F 3 110 112 85.81 2.799 0 0
374 U1523B 11F 3 35 37 85.94 2.799 1 1 1 2 10 4 19 19 6 25
374 U1523E 16F 1 35 37 86.75 2.804 6 4 3 32 5 6 7 63 2 3 258 4 267
374 U1523E 16F 1 108 110 87.48 2.808 0 0
374 U1523E 16F 2 35 37 88.25 2.813 0 0
374 U1523E 16F 2 110 112 89.00 2.817 0 0
374 U1523E 16F 3 35 37 89.75 2.822 0 0
374 U1523E 16F 3 110 112 90.50 2.826 0 0
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374 U1522A 1R 1 45 46 0.5 0.5 1
374 U1522A 1R 1 115 117 1.2 1.2
374 U1522A 1R 2 45 47 2.0 2.0
374 U1522A 1R 2 115 117 2.7 2.7
374 U1522A 9R 1 38 40 77.7 77.7
374 U1522A 9R 2 38 40 79.2 79.2
374 U1522A 9R 3 38 40 80.7 80.7
374 U1522A 9R 4 38 40 82.2 82.2
374 U1522A 10R 1 38 40 87.4 87.4
374 U1522A 10R 2 38 40 88.9 88.9
374 U1522A 10R 3 38 40 89.7 89.7
374 U1522A 11R 1 38 40 97.1 97.1
374 U1522A 11R 2 38 40 98.5 98.5
374 U1522A 11R 3 38 40 100.0 100.0
374 U1522A 11R 4 38 40 100.9 100.9
374 U1522A 13R 1 38 40 116.5 116.5
374 U1522A 16R 1 37 41 145.6 145.6
374 U1522A 22R 1 38 40 203.6 203.6 1
374 U1522A 22R 2 38 40 205.1 205.1
374 U1522A 22R 3 38 40 206.6 206.6 1
374 U1522A 22R 4 38 40 208.1 2.48 208.1
374 U1522A 23R 1 38 40 213.2 2.59 213.2
374 U1522A 23R 2 38 40 214.6 2.62 214.6
374 U1522A 23R 3 38 40 215.9 2.65 215.9 1
374 U1522A 23R 4 38 40 217.4 2.68 217.4
374 U1522A 23R 1 38 40 222.8 2.80 222.8 2
374 U1522A 24R 2 28 30 224.3 2.83 224.3
374 U1522A 24R 3 38 40 225.8 2.87 225.8
374 U1522A 24R 4 38 40 227.3 2.90 227.3
374 U1522A 27R 1 28 30 251.5 3.43 251.5 1 2?
374 U1522A 27R 2 28 30 253.0 3.46 253.0
374 U1522A 27R 3 28 30 254.5 3.49 254.5
374 U1522A 27R 4 28 30 256.0 3.53 256.0
374 U1522A 27R 5 26 28 257.2 3.55 257.2
374 U1522A 28R 1 28 30 261.1 3.64 261.1
374 U1522A 28R 2 28 30 262.6 3.67 262.6
374 U1522A 28R 3 28 30 264.1 3.70 264.1
374 U1522A 29R 1 28 30 270.7 3.85 270.7
374 U1522A 29R 2 28 30 272.2 3.88 272.2
374 U1522A 29R 3 28 30 273.7 3.91 273.7 1
374 U1522A 29R 4 28 30 275.0 3.94 275.0
374 U1522A 30R 1 28 30 280.3 4.06 280.3
374 U1522A 30R 2 28 30 281.8 4.09 281.8 1
374 U1522A 30R 3 28 30 283.3 4.12 283.3
374 U1522A 30R 4 28 30 284.8 4.15 284.8
374 U1522A 31R 1 28 30 289.9 4.26 289.9
374 U1522A 31R 2 28 30 291.4 4.30 291.4
374 U1522A 31R 3 28 30 292.6 4.32 292.6
374 U1522A 31R 4 28 30 293.7 4.35 293.7
374 U1522A 32R 1 28 30 299.5 4.47 299.5
374 U1522A 22R 1 18 20 309.0 4.68 309.0
374 U1522A 33R 2 18 20 310.4 4.71 310.4 1
374 U1522A 34R 1 28 30 318.7 4.73 318.7
374 U1522A 34R 2 28 30 320.1 4.73 320.1
374 U1522A 35R 1 28 30 328.3 4.77 328.3
374 U1522A 35R 2 28 30 329.8 4.78 329.8
374 U1522A 37R 1 28 30 342.7 4.84 342.7
374 U1522A 37R 2 28 30 344.2 4.84 344.2
374 U1522A 37R 3 28 30 345.7 4.85 345.7
374 U1522A 38R 1 28 30 347.5 4.86 347.5
374 U1522A 38R 2 28 30 348.9 4.86 348.9
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Table 3: 1521 foraminifera counts 
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374 1521A 1R 1 10 12 0.10 0.10 27
374 1521A 1R 1 37 39 0.37 0.37 2
374 1521A 1R 2 60 62 1.60 1.60
374 1521A 1R 3 60 62 3.10 3.10 18 5 72 21 1 15
374 1521A 1R 4 33 35 3.83 3.83 1
374 1521A 1R CC 4.11 4.28
374 1521A 2R 1 20 22 7.60 7.60
374 1521A 2R 1 30 32 7.70 7.70
374 1521A 2R 1 90 92 8.30 8.30 1
374 1521A 2R CC 8.44 8.56 2.4696 1 2 3 4 1 1
374 1521A 3R 1 40 42 17.40 17.40 2.5028 1
374 1521A 3R 2 40 42 18.86 18.86 2.5082 2
374 1521A 3R 2 70 72 19.16 19.16 2.5093 42
374 1521A 3R CC 19.21 19.43 2.5095 1 1 3 1 3 3 1 1 1
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FIGURES 
 
 
Figure 1. Bathymetric map showing the locations of IODP 374 sites U1521-U1525 (red 
circles), DSDP Leg 28 Sites 270-274 (black circles), and ANDRILL Cores AND-1B and 
AND-2A (black circles).  Figure from McKay et al. (2019). 
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Figure 2. Schematic cross-section of the Ross Sea showing Cape Roberts Drilling Project 
(CRP) and ANDRILL core sites in the McMurdo Sound area, Deep Sea Drilling Project 
(DSDP) Leg 28 sites in the central Ross Sea, and International Ocean Discovery Program 
(IODP) Exp 374 sites in the eastern Ross Sea. IODP Site U1523 is projected into the 
cross-section.  From McKay et al., 2019. 
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Figure 3. Chronostratigraphic summary of IODP Sites U1521, U1522, and U1523, 
illustrating stratigraphic breaks in each record and Ross Sea Unconformities (RSU2, 
RSU3).  Left side of each section shows biostratigraphic age; right side depicts hole and 
core numbers.  From McKay et al., 2019. 
 
Figure X. Chronostratigraphic summary of IODP Sites U1521, U1522, and U1523, illustrating 
stratigraphic breaks in each record and Ross Sea Unconformities (RSU2, RSU3). Left side of each section 
shows biostratigraphic age; right side depicts hole and c re numbers. From McKay et al., 2019.
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Figure 4. Age model for Site U1523. (a) Shipboard age model for Site U1523 showing 
biochronologic events, paleomagnetic reversals, and unconformities. Black vertical bars 
show uncertainty caused by gaps between samples. Figure from McKay et al (2019). (b) 
Age model created from two magnetochron boundaries and microfossil data (R1 and D8). 
 
 
 
 
 
Figure 5. Age model for Site U1521 showing biochronologic events and unconformities.  
Figure adapted from McKay et al (2019). 
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Figure 6. Age model for Site U1522 showing biochronologic events and unconformities. 
A considerable amount of reworking in the Pleistocene of Site U1522 account for the 
questionable age control above Core 22R. Figure adapted from McKay et al (2019). 
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Figure 7. Sediment and foram data from U1523 are plotted against age based on Figure 
2. The red and blue triangle and black crosses on the left represent ages from figure 4b. a) 
Percent abundance of fines (brown) and sand (yellow) in each sample based on weight. b) 
Benthics per gram of sediment (green open boxes), and planktics per gram of sediment 
(blue open triangles). c) Simple diversity of benthic species that occur in each sample. d) 
Percent of total foraminifera picked that are planktic. e) Percent of benthic fragments 
(green closed boxes) and planktic fragments (blue closed triangles) represented in each 
sample relative to whole specimens. f) Correlation of LRO4 stack (Raymo et al., 2018) to 
age model.  Orange boxes represent possible warm intervals based on planktic data in 
Figure 8.  
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Figure 8. Relative abundance (%) of the major planktic foraminiferal species in U1523 
are plotted against age. Relative abundances for a-d were only plotted if there were more 
than 10 specimens in the sample; all other samples were excluded. a) Neogloboquadrina 
pachyderma is the most abundant species and is the only species plotted on an x-axis of 
0-100%, b) N. incompta and the following species are plotted on an x-axis of 0-30%, c) 
G. bulloides and G. falconensis are combined; both are temperate to subpolar species, d) 
T. quinqueloba is a subpolar taxon, e) total planktics picked from all samples including 
those samples with ten or fewer specimens, and f) LRO4 stack from Raymo et al. (2018).  
Orange boxes and lines represent possible warm intervals bases times on times of high 
numbers of total planktics and the presence of warmer water taxa such as Globigerina 
falconensis, Globigerina bulloides, Globoconella inflata, Globigerinoides ruber, and 
Turborotalita quinqueloba. 
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Figure 9. Relative abundance of the major benthic foraminiferal species in U1523 are 
plotted against age. Relative abundances for a-h were only plotted if there were more 
than 10 specimens in the sample; all other samples were excluded. a) Trifarina earlandi 
is the most common species as is plotted on an x-axis of 0-100%. b) Globocassidulina 
includes G. biora and G. subglobosa and is plotted on an x-axis of 0-100%. c) Nonionella 
includes N. iridea and N. bradii. Nonionella spp. and the following species are plotted on 
an x-axis of 0-50%: d) Rosalina globularis, e) Ehrenbergina glabra, f) Astrononion 
includes A. antarcticum and A. echolsi, g) Eponides weddellensis, and h) Cibicides 
includes C. lobatulus and C. refulgens. i) total benthics picked from all samples including 
those samples with ten or fewer specimens, and j) LRO4 stack from Raymo et al. (2018).  
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Figure 10. Relative abundance of the major benthic foraminiferal species in U1523 are 
plotted against age as in figure 5.  The five colors represent five clusters determined from 
Bray-Curtis statistical clustering using PAST. Dominant taxa: blue = Globocassidulina; 
tan = Trifarina + Globocassidulina; yellow = Rosalina (Nonionella, Ehrenbergina); pink 
= Eponides; and green = Trifarina. The green and blue are associated with glacials and 
the tan, yellow and pink are associated with interglacials.  
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Figure 11. Microfossils per gram plotted against age. a) Ostracod specimens per gram. b) 
Echinoderm spines per gram. c) Radiolarian specimens per gram. d) Sponge spicules per 
gram. e) LRO4 stack from Raymo et al. (2018).  Orange boxes and lines represent 
possible warm intervals based on planktic data in Figure 4. 
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Figure 12. Map of the Ross Sea from McKay et al (2019) with each site in this study—
U1521, U1522, and U1523—shown with a summary of the foraminifera data for each 
site.  
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PLATES  
 
 
Plate 1 
1-4. Neogloboquadrina pachyderma (Ehrenberg, 1861), U1523A 1H-2 3-4cm, U1523A 1H-2 13-15cm, 
U1523A 3H-7 15-17cm, U1523A 2H-6 5-7cm; 5-6. Neogloboquadrina incompta (Cifelli, 1961), U1523A 
1H-2 13-15cm, U1523A 3H-7 15-17cm; 7-8. Turborotalita quinqueloba (Natland, 1938), U1523B 11F-2 
35-37; 9-10. Globigerina bulloides (d’Orbigny, 1826), U1523A 6F-3 15-17cm; 11. Globigerinoides ruber 
(d’Orbigny, 1839), U1523B 5F-3 35-37cm; 12. Globoconella inflata (d’Orbigny, 1839), U1523B 5F-3 35-
37cm; 13-15. Globigerina falconensis (Blow, 1959), U1523A 4F-1 35-37cm, U1523A 4F-1 35-37cm, 
U1523A 3H-7 15-17cm. 
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Plate 2 
1. Trifarina earlandi (Parr, 1950), U1523A 1H-1 17-19cm; 2. Trifarina earland (Parr, 1950), spinose 
morphotype, U1523A 1H-1 17-19cm; 3. Globocassidulina subglobosa (Brady, 1881), U1523A 1H-1 17-
19cm; 4. Globocassidulina biora (Crespin, 1960), U1523B 5F-1 110-112cm; 5. Nonionella bradii 
(Chapman, 1916), U1523A 2H-7 17-19cm; 6. Nonionella iridea (Herron–Allen et Earland, 1932), U1523A 
2H-7 17-19cm; 7. Rosalina globularis (d'Orbigny, 1826), U1523A 2H-7 17-19cm; 8. Ehrenbergina glabra 
(Heron-Allen et Earland, 1922), U1523A 1H-2 3-4cm; 9. Astrononion antarcticum (Parr, 1950), U1523A 
1H-2 13-15cm; 10. Astrononion echolsi (Kennet, 1967), U1523A 1H-2 13-15cm; 11a, b. Eponides 
weddellensis (Earland, 1936), U1523A 1H-1 17-19cm; 12. Cibicides lobatulus (Walker and Jacob, 1798), 
U1523A 2H-4 42-44cm; 13a., b. Cassidulina teretis (Tappan, 1951), U1523A 1H-2 3-4cm; 14a, b. 
Epistominella vitrea (Parker, 1953), U1523A 1H-2 3-4cm. 
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Plate 3 
1. Bolivina sp. (d’Orbigny, 1839), U1523A 6F-2 15-17cm; 2. Cassidulinoides porrectus (Parr, 1950), 
U1523A 3H-7 90-92cm; 3. Fursenkoina fusiformis (Williamson, 1858), U1523B 5F-2 110-112cm; 4. 
Miliammina arenacea (Chapman, 1916), U1523B 10F-4 30-32cm; 5. Stainforthia concave (Höglund, 
1947), U1523A 1H-2 13-15cm; 6. Triloculina sp. (d’Orbigny, 1826) U1523A 2H-7 23-25cm; 7. Melonis 
barleeanus (Williamson, 1858), U1523A 5F-1 15-17cm; 8. Lenticulina sp., (Parr, 1950), U1523A 3H-7 90-
92cm; 9. Cibicides sp., (Montfort, 1808)U1523E 15F-2 35-37cm; 10. Pullenia subcarinata (d’Orbigny, 
1846), U1523A 6F-3 23-27cm; 11. Miliammina sp., (Heron-Allen and Earland, 1930), U1523B 5F-1 110-
1112cm; 12. Astrononion echolsi (Kennet, 1967), 1523A 1H-1 17-19cm; 13. Eggerella bradyi nitens 
(Wiesner, 1931), U1523A 1H-2 3-4cm; 14. Nodosariidae, (Ehrenberg, 1838) U1523A 1H-2 3-4cm; 15. 
Gyroidina sp. (d'Orbigny, 1826), U1523A 1H-2 13-15cm; 16. Melonis cf. barleeanus (Williamson, 1858), 
U1523A 1H-2 23-25cm; 17. Patellina corrugata (Williamson, 1858), U1523A 1H-2 3-4cm; 18. Triloculina 
sp. (d’Orbigny, 1826) U1523B 11F-1 35-37cm. 
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